Abstract: A multi-step thermal decomposition of a molecular precursor, {N(n-C 4 H 9 ) 4 [Fe II Fe III (C 2 O 4 ) 3 } ∞ was studied using non-isothermal thermogravimetric (TG) measurements in the temperature range 300 to ≈800 K at multiple heating rates (5, 10 and 20 K min -1 ). The thermal decomposition of the oxalate-based complex proceeded stepwise through a series of intermediate reactions. Two different isoconversional methods, namely, an improved iterative method and a model-free method were employed to evaluate the kinetic parameters: activation energy and rate of reaction. The most probable reaction mechanism of thermal decomposition was also determined. The different reaction pathways leading to different steps in the TG profile were also explored, which are supplemented by earlier experimental observations.
INTRODUCTION
Among all nanomaterials, metal oxides are very attractive functional materials synthesized on the nanoscale. Their unique characteristics make them the most diverse class of materials with properties covering almost all aspects of solid-state physics and materials science. Metal oxides represent therefore essential constituents in technological applications such as magnetic storage, 1,2 gas sensing 3, 4 and energy conversion, 5 to name but a few. Various physical or chemical synthetic approaches for the synthesis of metal oxide nanoparticles have been developed over the years. 6 Research was initiated aimed at the preparation of metal oxide nanoparticles using molecular metalorganic complexes as precur-
THERMAL DECOMPOSITION OF A MOLECULAR MATERIAL

EXPERIMENTAL
The precursor material {N(n-C 4 H 9 ) 4 [Fe II Fe III (C 2 O 4 ) 3 ]} ∞ , (BuFeFe) was prepared in a one-pot reaction according to a reported procedure. 15 The powdery deep green coloured sample thus obtained was used for the thermogravimetric (TG) study. The measurements were performed using an STA 449C Thermogravimetric analyzer (Netzsch, Germany) under a dry air atmosphere. The sample mass used for TG study was ~ 4 mg. UHP nitrogen (99.999 %) was used as protective gas in the instrument. All the kinetic parameters, namely, the activation energy, the pre-exponential factor, and the reaction model calculations, were performed using a program compiled in MATLAB.
RESULTS AND DISCUSSION
The thermal decomposition of BuFeFe was monitored by TG at three different heating rates (β) 5, 10 and 20 K min -1 . The TG curves of BuFeFe obtained at three different heating rates are shown in Fig. 1 , from which different thermal decomposition steps can be seen. Thus, a very gradual loss of mass (m) for the three different heating rates commences at around 315 K. The thermal decomposition proceeds with rapid mass loss through three linear steps, indicating different stages of solid state reaction of BuFeFe. These linear steps, which appear in heating rate dependent temperature ranges, are indicated by arrows in Fig. 1 , and denoted as Step-I, Step-II and Step-III, respectively, in Table I . It can be seen that the temperature range (ΔT) corresponding to the different steps were shifted   300  400  500  600  700  800   20   40   60   80   100 Step-III
Step-II
Step-I Step-I, the loss of mass continues until ≈587 K for β = 5 K min -1 , until ≈598 K for β = 10 K min -1 and until 612 K for β = 20 K min -1 . The ΔT and m values corresponding to the different steps under different heating rates, along with the residual mass at 800 K in each case of heating rate are compared in Table I .
Step-I corresponds to the largest mass loss in the TG profile. Thus, BuFeFe undergoes successive solid state reactions in three steps. Thermal decomposition becomes complete at ≈723, 718 and 685 K for heating rate 5, 10 and 20 K min -1 , respectively, with very similar residual masses. It was reported earlier that the decomposition of BuFeFe proceeds through a few intermediate phases and finally results in the formation of a powdery deep red product, which is nothing but the nano-sized ferrite particles (hematite and magnetite). 9,10 
Step-I
Step Presently, the thermal decomposition mechanism of BuFeFe is analyzed considering the first two steps of the TG profile only, as it is impractical to consider Step-III. To describe the kinetics of thermal decomposition of BuFeFe reliably, isoconversional methods were used. In the isoconversional method, the reaction rate at constant extent of conversion is assumed to be a function of temperature only. 16 Two simplifying assumptions are used in this regard: i) the temperature at any point in the solid remains same and ii) the controlling step in the reaction rate does not alter throughout the transformation of a chemical process. 17 Under non-isothermal conditions where the temperature varies linearly with time, i.e., the linear heating rate β = dT/dt = const., the kinetic equation of solid state thermal decomposition is frequently described by the well-known differential rate equation: 18
where α = (m i -m t )/(m i -m f ) is the extent of reaction, i.e., the fraction of the material that had reacted in time t, m i and m f are the initial and final masses in the particular decomposition step of interest, m t is the mass at any instant of the reaction in this step, dα/dT is the rate of conversion (in K -1 ), A is the pre-exponential Arrhenius factor (in min -1 ), f(α) is the differential conversion function depending on the mechanism of a kinetic reaction, 19 E* is the activation energy (in kJ mol -1 ) and R is the universal gas constant (in kJ mol -1 K -1 ). The variations of the extent of reaction (α) with temperature during the thermal decomposition of BuFeFe during
Step-I and
Step-II are illustrated in Fig. 2 . The iterative procedure is used to calculate the activation energy, approximating the exact value of activation energy, according to the following equations: 12 
and H(x) is expressed as: 14
where
In performing the iterative procedure, the following steps are often used:
Step 1 -the initial value of the activation energy * 1 ( ) E α is estimated by fitting Eq. (2) or (3) with the assumption h(x) = 1 or H(x) = 1. Generally, the conventional isoconversional methods stop calculating at this step; Step 2 -using * E α = (2) and (3), are listed in Table II. In the model-free isoconversional method for non-isothermal thermogravimetry experiments, the activation energy * E α can be evaluated at any particular value of α by minimizing the following objective function: 13, 14 ( ) ( )
where ( )
, I E T α α , the temperature integral, is given as:
There are several methods and popular approximations to evaluate this temperature integral. However, the approximation as adopted by Cai et al. 21 is proved to be superior to any of the other approximations and is the most suitable solution for the evaluation of the activation energy, * E α , and other kinetic parameters from non-isothermal kinetic analyses. According to this approximation, the temperature integral is given as: 21 
The minimization procedure was repeated for each value of α from 0.1 to 0.9 for
Step-I and Step-II (taking the data from Fig. 2 ) to determine the dependency of * E α on α during
Step-I and Step-II of the thermogravimetry profile. The * E α values thus obtained for
Step-II are presented in Table II . The activation energy ( * E α ) values obtained by the three different methods are shown as a function of α in Fig. 3 for Step-I and Step-II. It is noticeable that the * E α values thus calculated by the three different methods (Eqs. (2), (3) and (6)) are remarkably similar. From Fig. 3 , it is clear that in case of Step-I of the thermal reaction, the * E α value increased exponentially ( * E α = a(1-e -bα ), a and b being two fit parameters) for α ≤ 0.4 and beyond that, * E α increased linearly with increasing α. Thus, at around α ≈ 0.4, the rate of reaction became almost saturated. However, the reaction was triggered at α ≈ 0. Step-II of thermal reaction, the variation of * E α vs. α (Fig. 3b) was quite different from that observed for Step-I. Here, the * E α value increased with increasing α until α = 0.6 and beyond that, the * E α value decreased with increasing α. The variation * E α with α observed for Step-II could be well-fitted with a Gaussian type distribution function, as shown by the dotted curve in Fig. 3 . These different * E α vs. α variations, being either intra-step or inter-step thermal decomposition reactions, are the manifestations of different reaction rate control mechanisms involved along these steps.
The integral form of the reaction model describing the reaction mechanism 16, 18 is given by:
Some of the frequently used reaction mechanisms operating in solid-state reactions are given in the literature. 22 The equation which is mostly used to estimate the correct reaction mechanism, i.e., the g(α) function, is: 14
where the symbols have their usual meaning. The values of α corresponding to the multiple heating rates at the same temperature along the α vs. T plots (Fig. 2) were used to generate a plot of ln g(α) vs. ln β i . For the determination of the correct mechanism function, the slope of the straight line ln g(α) vs. ln β i , using linear regression, should be equal to -1.0000 and the square of the linear correlation coefficient, R 2 , should be close to unity. 14 While finding the most probable reaction mechanism function g(α) involved in the present thermal decomposition reactions appearing in
Step-I and Step-II, 35 types of mechanism functions given in literature 22 were used. Incidentally, a number of g(α) functions satisfied the conditions specified above when a particular temperature was used. To remove the confusion, different temperature values were used to arrive at a conclusion about the most probable reaction mechanism function. The most probable reaction mechanism functions, g(α), obtained for the solid state reactions corresponding to
Step-I and Step-II of the thermal decomposition profile of BuFeFe according to Eq. (9) are g(α) = ln α and g(α) = (1-α) -2 -1, respectively. Thus,
Step-I of the TG profile corresponds to "nucleation" as the rate-controlling mechanism, whereas Step-II of the profile corresponds to "chemical reaction". 22 Using the estimated value of the activation energy and the most probable reaction model, the value of the pre-exponential or frequency factor (A) can be evaluated from the following equation: 23, 24 532 BHATTACHARJEE et al. Fig. 4 . The effect of heating rate on the A values was found not to be remarkable. However, the dependence of A on the α values were quite noticeable and were different for
Step-I and Step-II. For Step-I, the variation of A(α) was similar to that observed for the variation of * E α but for
Step-II, the values of A(α) increased linearly up to α ≈ 0.5 and then become nearly independent of α, in contrast to the corresponding * E α (α) variation in the same temperature region. The average values of A estimated for the different heating rates are presented in Table II as a function of Step-I and Step-II, respectively. Thus, for both steps of the reaction, the A values varied by an order of 10 9 and 10 6 for
Step-I and Step-II, respectively. This indicates that the reaction rate cannot be assumed to be a constant for the studied non-isothermal decomposition process. Interestingly, from 22 Low factors often indicate a surface reaction. If the reactions are not dependent on the surface area, a low A value indicates a "tight" complex, while a higher A value indicates a "loose" complex. Accordingly, in the present case,
Step-I may involve loose and tight complexes, whereas
Step-II involves a tight complex only. Considering the mass loss values during the different thermal decompositions of BuFeFe, observed in the thermogravimetry profile, the reaction pathway(s) as well as the reaction product(s) at the end of the successive reaction step(s) of the thermal decomposition have already been reported by the authors. 9 The thermal decomposition process of BuFeFe was proposed as follows:
Reaction pathway for Step-I: The formation of the proposed end products was supplemented by IR and powder XRD studies and confirmed by magnetic studies. 9 Incidentally, at present the authors have studied the reaction kinetics of Step-I and Step-II. An attempt to continue the calculation of kinetic parameters to Step-III was avoided because of practical difficulties as
Step-III corresponds to very small mass loss, which, if considered, would have introduced an erroneous result due to the large error associated with the α(T) values.
Along the above-stated step-wise reaction pathways, during
Step-I of the thermal decomposition, the bimetallic 3-dimensional network structure of {N(n-C 4 H 9 ) 4 part, N(n-C 4 H 9 ) 4 + , decomposes giving rise to various gaseous substances, while the 2-dimensional Fe III -oxalate-Fe II anionic layers are partially degraded giving rise to Fe 2 O 3 . It is apparent that the former process may require a lower activation energy than the latter and will be completed faster due to the limited abundance. The partial decomposition of the Fe III -oxalate-Fe II anionic layers may be due to scission of the metal-oxalate linkages. In this way, the initial exponential growth in the * E α vs. α plot for
Step-I may be due to the decomposition of N(n-C 4 H 9 ) 4 + , while the steady linear * E α vs. α variation in the later part of Step-I may be due to decomposition of the bimetallic network and formation of metal oxides. The reaction mechanism responsible for this step of the thermal decomposition was resolved to be nucleation given by g(α) = ln α, an acceleratory rate equation. 22 The early stage of Step-II supposedly favours the gradual decomposition of the bimetallic network and formation of metal oxides, giving rise to a steady growth in the * E α vs. α variation. It should be noted that the activation energy required for the linear part of the * E α vs. α plot in
Step-I and those for the initial growth part of the * E α vs. α plot in
Step-II lie in the same range. The Gaussian type variation of * E α with α is certainly the manifestation of a reaction control mechanism owing to the residual amount of reactants, i.e., the remaining amount of thermally degradable molecules as well as the in situ degraded gaseous products. It should be noted that the thermal decomposition of iron oxalate to hematite in an air atmosphere and to magnetite in presence of CO/CO 2 mixture was reported by other workers. 25 The thermal decomposition initially started in air atmosphere leading to the formation of hematite along with a profuse amount of CO 2 and subsequently, on further heating, it might have led to the formation of magnetite. 26 The reaction mechanism responsible for Step-II of thermal decomposition observed in the present study was resolved to be a chemical reaction type. 22 
CONCLUSIONS
The present study demonstrates the kinetics of solid state reaction of the thermal decomposition of {N(n-C 4 H 9 ) 4 [Fe II Fe III (C 2 O 4 ) 3 } ∞ at multiple heating rates. The thermal decomposition proceeds through three different steps, indicating three reaction mechanisms. The reaction mechanism responsible for Step-I of the thermal decomposition was resolved to be nucleation whereas Step-II is of a chemical reaction type. Calculation of kinetic parameters for Step-III was avoided due to practical difficulties.
Step-wise reaction pathways leading to ferrites were proposed. The rates of the reactions were in the range of 10 3 -10 12 and 10 12 -10 18 min -1 for Step-I and Step-II, respectively.
It would be of interest to know the nature of the dependence of the reaction kinetics and the reaction mechanism on the sample environment. The identi-
